INTRODUCTION
The involvement of measles virus (MV) and canine distemper virus (CDV) in persistent infection of their natural hosts (for reviews, see Appel et al., 1981 and Carter, 1982) has greatly stimulated molecular studies of the proteins (for review, see Rima, 1983) and RNAs of these viruses (Hall et al., 1978; Udem & Cook, 1984) . Morbilliviruses (a genus of the Paramyxoviridae) contain six main structural proteins: the nucleocapsid protein [N, 60000 mol. wt. (60K)], the phosphoprotein (P, 70K), the membrane protein (M, 37K), the fusion glycoprotein (F, 62K), the haemagglutinin protein (H, 82K) and a large protein (L, 180K). Furthermore, a non-structural protein S (20K) has been observed in infected cells and will now be referred to as 'C' by analogy with Sendai virus .
In recent years, molecular cloning techniques have enabled characterization of the mRNAs induced by MV and CDV. cDNA cloning and base sequencing of the N genes of MV (Gorecki & Rozenblatt, t 980; Billeter et al., 1984; and of CDV (Barrett & Mahy, 1984; Russell et al., 1985 ; Rozenblatt et al., 1985b) , the P (C) genes of MV and of CDV Russell et al., 1985; Rozenblatt et al., 1985b) and the M proteins of MV (Rozenblatt et al., 1982; Bellini et al., 1985) and of CDV (Rozenblatt et al., 1985b; Russell et al., 1985; Bellini et al., 1986) have been described. Clones of the mRNAs coding presumably for the two glycoproteins of these viruses have been described for CDV and MV (Billeter et al., 1984) . Furthermore, the termini of the MV genome have been cloned and the 3' end of the negative-stranded genome has been sequenced (Billeter et al., 1984) . By the use of peptide antisera to the N, P, C and M proteins, Richardson et al. (1985) showed that the MV gene order is Y-N-P + C-M-, and we have obtained similar data for CDV . The gene order at the 3' end of morbillivirus genomes has thus been shown to be similar to that of Sendai virus (Dowling et al., 1983) . Here, we describe the isolation and characterization of cDNA clones hybridizing with the L mRNAs of MV and CDV and we confirm the designation of the fifth gene coding for the fourth longest mRNA as coding for the H protein of MV. From our data we have constructed a transcriptional map of MV and CDV and show it to be the same as that for Sendai virus.
METHODS

Viruses and cells.
The large plaque variant of the Onderstepoort strain of CDV and the Edmonston and Hu-2 strains of MV were used in this study. Viruses were propagated in Vero cells by passage with diluted inocula after plaque purification.
Cloned cDNAs. The following CDV clones described by Russell et al. (1985) were used: pCDV51 (M), pCDV102 (N), pCDV2 (F), pCDV28 (N), pCDV30 (P), pCDV22 (P), pCDV54 (H) and pCDV65 (L) (this paper). MVspecific clones used were clone 15 ~ CL-N (Gorecki & Rozenblatt, 1980) , CL-P , CL-M (Rozenblatt et al., 1982) , clones 3 (F/H) and 2 (H) (Billeter et al., 1984; Baczko et al., 1986) , pMV 14 (H) (J. D. Hull & B. K. Rima, unpublished results) and clone 6 (L) (Billeter et al., 1984; this paper) and MV 03 (Billeter et al., 1984; Rozenblatt et al., 1985a) .
Sera. Monospecific polyclonal sera against the M, F and H proteins of MV were obtained from Dr E. Norrby. A monospecific anti-P serum raised against a peptide representing the amino terminus of the P protein was obtained from Dr W. J. Bellini.
Northern blots. Northern blots were carried out as described (Baczko et al., 1986) . Oligo(dT)-selected RNA species were electrophoresed under denaturing conditions either on formaldehyde-MOPS or methylmercury (II) hydroxide-containing vertical agarose gels, transferred to nitrocellulose and bound by baking at 80 °C for 2 h. Then the blots were cut in strips [3 mm wide; 1 ~tg poly(A) ÷ RNA per cm] and hybridized with radiolabelled insert DNA. These were labelled either by primer extension (Feinberg & Vogelstein, 1984) or by nick translation with [32p]dCTP (>3000 Ci/mmol; Amersham) using standard methods. For nick translation 500 ng of insert was labelled with 100 p. Ci [32p] dCTP to obtain specific activities of 108 to 2 × 108 c.p.m./~tg insert DNA and for primer extension labelling with random pentanucleotides 20 ng of insert DNA was labelled with 50 lxCi [32p]dCTP to obtain specific activities from 109 to 2 x 109 c.p.m./~tg insert DNA.
Strips were hybridized with 5 x 106 to 10 x 106 c.p.m, of insert DNA for 40 h at 43 °C in 50~ formamide, 1 x Denhardt's solution and 4 x SSC. After hybridization the strips were washed extensively with a final wash at 68 °C in 0.1 x SSC containing 0.2 ~ SDS. The strips were then dried and exposed to preflashed X-ray film with the aid of an intensifying screen.
In vitro translation and immunoprecipitation. These were carried out in rabbit reticulocyte lysates, kindly provided by Dr S. Siddell (Wfirzburg) as described before (Baczko et al., 1986) . Subsequent SDS-PAGE analysis on 10~ acrylamide gels using the Laemmli buffer system was carried out as described elsewhere (Baczko et al., 1986) .
Hybrid arrest translation. Purified insert DNA (200 ng) of the various clones used was mixed with 1 ~tg poly(A) ÷ RNA extracted from MV (Edmonston strain)-infected Vero cells (30-to 100-fold excess of insert DNA), boiled for 30 s and hybridized in 80~ formamide, 10 mM-HEPES pH 7.4, 0.4 M-NaCI for 2 h at 48 °C. Then 200 Ixl HzO and 10 ~g tRNA were added and the reaction mixture was split in two. The RNA in one part was immediately precipitated with 2 vol. ethanol and that in the other part was boiled for 60 s and then ethanol-precipitated. The precipitates were collected by centrifugation for 10 min in a microfuge, washed once with 70~o ethanol and resuspended in 2 ~tl H20. These were then added to rabbit reticulocyte lysates for in vitro translation.
RESULTS
Characterization and isolation of cDNA clones representing the L genes of CD V and MV
As outlined in the Introduction, partial or complete cDNA clones of five mRNAs of CDV and MV have been described by ourselves and other groups and the mRNA profiles induced in MVand CDV-infected cells have been characterized (Hall et al., 1978; Udem & Cook, 1984; Yoshikawa & Yamanouchi, 1984; Barrett & Underwood, 1985; Russell et al., 1985) . Throughout this paper we refer to the numbering of mRNA species used in the report by Barrett & Underwood (1985) .
Cloned copies of the largest mRNA which presumably represents the L gene transcript have not yet been described and so we attempted to complete our sets of gene-specific probes for CDV by enrichment of poly(A) ÷ RNAs of CDV-infected Vero cells for larger RNA species by sucrose gradient centrifugation or preparative gel electrophoresis in methylmercury (II) hydroxidecontaining gels. However, cDNA cloning experiments in which such material was reversetranscribed did not give rise to cDNA clones representing the L gene of CDV although clones of the other genes appeared to be abundantly generated. We employed the following cloning strategy, therefore, making use of random pentanucleotides as primers for reverse transcription of genomic RNA isolated from purified nucleocapsids. Vero cells infected with the large plaque variant of the Onderstepoort strain of CDV were resuspended in hypotonic buffer and nucleocapsids were isolated essentially according to the method of Dowling et al. (1983) . After extraction of the RNA from the nucleocapsids, 1 ~tg of RNA was primed with random pentanucleotides, reverse-transcribed and cloned into the PstI site of plasmid pAT153 as previously described . Since the putative L m R N A has a length greater t h a n 6500 nucleotides, about 4 0~ of the clones derived from the CDV genome were expected to represent this gene. The plus/minus probing technique with cDNA from infected and uninfected cells used to identify the cDNA clones for the other five genes of CDV was deemed probably not suitable owing to the low abundance of the L m R N A in the cell. Therefore, we probed the clone bank obtained from genomic RNA (250 cDNA clones) first with radioactively labelled cDNA inserts from the N, P, M, F and H clones of CDV . Those clones from the CDV bank which did not react with any of these were analysed by miniplasmid techniques to identify the cDNA clones with the largest inserts. These were then tested for their ability to select the largest m R N A species from RNA labelled in vivo with 32P i in the presence ofactinomycin D. One of these clones (pCDV65) which carried an insert of 1000 bp appeared to select this RNA from the total set of mRNAs (data not shown), and when the inserts of the same clone were radiolabelled and used to probe Northern blots of total or poly(A) + RNA extracted from infected cells, it was demonstrated that the cloned cDNA only hybridized to a band co-migrating with the large m R N A species and to genomic RNA (Fig. 1 a) . Attempts to demonstrate the synthesis of L protein by in vitro translation using poly(A) + RNA extracted from Vero cells infected with CDV have so far given inconsistent results so that hybrid arrest translation experiments are not yet possible.
For MV a similar analysis was carried out with clones derived from the bank obtained by reverse transcription of 50S RNA extended with homopolymeric dAMP tails and primed with oligo(dT) (Billeter et al., 1984) . One clone (no. 6), belonging to class 4 derived earlier, appeared to hybridize in Northern blots to a m R N A of the same size as the largest m R N A of CDV (Fig.  1 b) . This clone carried an insert of approximately 400 base pairs. Thus, it appears that we have cDNA clones from the largest m R N A species identified in CDV-and MV-infected cells, which is large enough to code for the 180K to 200K L protein. 
Designation of mRNA 4 as coding for the H protein of M V
The designation of the m R N A s and the order of the genes coding for the N, P(C) and M proteins of MV and CDV have been published earlier. By hybrid selection or via hybrid arrest translation it has been shown that the N and P m R N A s co-migrate during gel electrophoresis, while the M protein is encoded by the smallest m R N A and appears to be the third gene from the 3' end of the negative strand genome. The designations of m R N A s 4 and 5 have not yet been published, although these presumably code for the two glycoproteins as these are of appropriate sizes. The results described here show that m R N A 4 with a length of 2000 nucleotides codes for the H protein of MV. Clones that bound to this m R N A in Northern blots (Fig. 1 b) were used in a hybrid arrest translation experiment. Poly(A) + R N A extracted from MV-infected Vero cells was first hybridized with purified insert D N A from clones of groups 2 and 3 (Billeter et al., 1984) , respectively F/H and H clones, and subsequently translated in rabbit reticulocyte lysates with appropriate controls (i.e. mock arrests and experiments in which the hybridized insert was removed from the R N A template by boiling). It was clear from such experiments that the inserts of the F/H clone and the H clone stopped the synthesis of a polypeptide band migrating with an apparent mol. wt. of 65K in the in vitro translation experiments (Fig. 2a) . This was identified as being the precursor for the H protein of MV by the use of a monospecific polyclonal serum for that protein. Fig. 2 (b) shows that among the products of translation in rabbit reticulocyte lysates one could identify the N, P, M and H proteins in addition to smaller products such as the 32K Nrelated protein, presumably the result of internal initiation of translation of these mRNAs.
Designation of mRNA 5 of M V
The Northern blot of MV-infected cell R N A (Fig. 1 b) shows that the class 3 (F/H) clone of MV binds strongly to two major R N A species and to one minor band of higher molecular weight. The lower band represents m R N A 4 which was shown to code for the H protein of MV. The upper band represents m R N A 5 which is most probably the m R N A for the fusion protein (F). However, we have been unable to identify it positively as such, since no specific protein band disappeared in the hybrid arrest translation experiment using this clone (Fig. 2a) . We have also been unable to immunoprecipitate F-related in vitro translation products using different F monoclonal antibodies or a monospecific polyclonal anti-F serum (results not shown). Thus, positive identification of the m R N A 5 as coding for the fusion protein by hybrid select or hybrid arrest translation was impossible for us. Identification of the m R N A 4 and 5 for CDV was similarly impossible since we were not able to identify the H and F protein precursors by immunoprecipitation of in vitro translation products.
Gene order of M V and CDV
In the past few years it has become widely accepted that the transcription of negative strand viruses such as rhabdoviruses and paramyxoviruses not only generates m R N A molecules which represent copies of one single gene but that occasionally the transcriptase complex reads through a polyadenylation and stop signal and generates a readthrough product which represents the sequences of two genes in tandem. These RNA molecules have been identified in vesicular stomatitis virus-infected cells (Hermann et al., 1980; Masters & Samuel, 1984) and paramyxovirus-infected cells (Collins & Wertz, 1983; Paterson et al., 1984; Wilde & Morrison, 1984; Gupta & Kingsbury, 1985) and they allow the determination of transcription maps. Thus, since we now had isolated cDNA clones of all six major m R N A of both MV and CDV we were able to complete the transcription map for MV and CDV.
Northern blots of poly(A) + RNAs extracted from MV-and CDV-infected Vero cells were hybridized with radiolabelled inserts from clones representing each of the genes of both morbilliviruses and the patterns of binding to readthrough RNAs were studied (Fig. 3) . The results obtained with both viruses are in complete agreement with each other and on the basis of these hybridization experiments we identified in the infected cells readthrough products representing copies of the N-P, P-M, M-F, F -H and H -L genes. Furthermore, in CDVinfected cells readthrough RNAs representing three tandem genes, N -P -M and P -M -F , were identified and in MV-infected cells a probable M -F -H readthrough product was observed. These data and those obtained previously by Richardson et al. (1985) and Russell et al. (1985) allowed the construction of a complete transcription map for the morbilliviruses, shown in diagrammatic form in Fig. 4 .
DISCUSSION
In this paper, we describe the isolation and characterization of clones representing cDNA copies of the largest mRNA of MV and CDV. Presumably because of the low abundance of the L mRNA in infected cells, we have been unable to obtain CDV clones of the L gene from reverse transcription of poly(A) + RNA from infected cells but we were able to use the fact that L gene sequences are greatly enriched in genomic RNA since this gene covers approximately 40~ of the total genomes of MV and CDV. The clones obtained probably represent the mRNA coding for the L protein, as this is the only mRNA large enough to code for a 180K to 200K protein. Their positive identification as L gene cDNA clones awaits sequencing and the generation of sequence-derived peptide antisera or the synthesis of fusion proteins in expression vectors. Nevertheless, by analogy with other paramyxoviruses, such as Sendai virus (Shioda et al., 1986; Dowling et al., 1983 )' this RNA is likely to represent the L protein mRNA for the morbilliviruses. The isolation of these clones completes the set of cDNA clones for all the genes of MV and CDV and these can now be used in studies of persistence in rico and in vitro.
We have also shown here that the mRNA 4 (2000 nucleotides in length) codes for the H protein of MV by the use of hybrid arrest translation of a band identified as the H protein by immunoprecipitation with a polyclonal H-specific antiserum. This serum, as well as monoclonal antibodies available to us, were unable to immunoprecipitate a precursor for the H protein of CDV which was occasionally identified in the in vitro translated lysates, mRNA 5 clearly represents one of the major species in the poly(A) + RNA fraction as shown by labelling or by hybridization analysis (Fig. 2, 4 ) and the analysis of the readthrough RNA transcripts demonstrates clearly that the gene coding for this mRNA is located between the M and H genes. By analogy to other paramyxoviruses which have been sequenced we conclude that this mRNA codes for the fusion protein. Recent sequencing studies (W. J. Bellini & C. D. Richardson, unpublished results) have confirmed this designation of the H and F mRNAs. The isolation of cDNA clones of the six major transcripts of the MV and CDV genomes has allowed the construction of a continuous gene order map of MV and CDV. The characterization of the six monocistronic and the readthrough transcripts by Northern blot analysis has shown the gene order to be 3'-N-P + C-M-F-H-L-5'. This complements the earlier data on MV and CDV and describes a gene order for the morbilliviruses which is the same as the one proposed for Sendai virus (Dowling et al., 1983) and Newcastle disease virus (Chambers et al., 1986) . The results also indicate that the small intervening SH gene present in the simian virus 5 (SV5) genome between the F and HN genes (Hiebert et al., 1985) has no counterpart in the morbilliviruses. The presence of this small transcript had caused a previously unexplained break in the SV5 map derived from readthrough transcripts. It is interesting to note that, similar to those in VSV-infected cells, we observed the presence of tricistronic transcripts in infected cells. The presence of these indicates that the occasional error by the transcriptase complex in recognition of the polyadenylation/stop-start site is a stochastic process. In VSV-infected cells, Masters & Samuel (1984) reported the presence of a readthrough transcript involving the N-NS-M-G genes. We have not seen evidence for a similar product in MV-or CDV-infected cells.
In conclusion, the present paper characterizes the major RNAs induced in morbillivirusinfected cells and describes the minor readthrough transcripts, which allow a determination of the gene order of MV and CDV to be similar to that of other paramyxoviruses and that SV5 and respiratory syncytial virus appear to be different with respect to their transcription and genome organization from other paramyxoviruses. Whether the similarities between the morbilliviruses and other paramyxoviruses will be reflected in the conservation of sequences and structural features of the proteins of most of the paramyxoviruses will be of great interest.
